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For many optical measurement devices, reference samples with known 
thicknesses have been effective for system calibration. Oxidation and 
conaminaiion that routinely occurs over time with reference samples is 
tolerable because the film thickness change resulting from the 
S oxMatiooyconiamination is relatively itisigrurlcant compared to the overall 

thickness of the film (around 100 angstroms). However, new ultra-sensitive 
optical measurement systems have been recently developed that can measure 
film layers with thicknesses less than 10 angstroms. These systems require 
reference samples having film thicknesses on the order of 20 angstroms for 
id accurate calibration. For such thin film reference samples, however, the 

changes in film layer thickness resulting from even minimal oxidation or 
contamination are significant compared to the overall "known" film layer 
thickness, and result in significant calibration error. Therefore, it is 
extremely difficult, if not impossible, to provide a native oxide reference 
15 sample with a known thickness mat is stable enough over time to be used for 

periodic calibration of ultra-sensitive optical measurement systems. 

There is a need for a calibration method for ultra-sensitive optical 
measurement devices that can utilize a reference sample that does not have a 
stable or known film thickness. 
20 There is also a need in the industry to improve the accuracy of these 

type of measuring systems to permit characterization of samples having 
multiple thin film layers formed thereon. More particularly, in the 
semiconductor industry, semiconductor material substrates are now being 
fabricated with multiple thin film layers. Each film layer can be formed 
25 from a different material. Common layer materials include oxides, nitrides, 

polysilicon, titsnfinm and titanium-nitride. 

Attempts to characterize samples having multiple thin layers with 
conventional techniques is difficult since each layer has a different thickness 
and different optical characteristics. The best approaches found to date to 
3 o characterize such complex stacks is xo utilize multiple measurement 

techniques which generate independent data that can be analyzed by a 
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4 ! 
processor. Devices now exist which are capable of making both ! 

eUipsomctric (phase) and specnophotcmetrlc (magnitude) measurements and 
integrating die results in a microprocessor. Tne eUipsometeis in these i 
devices can include multiple wavelength and multiple angle of incidence 
tncasurements. Similarly, the spectrophotometers in some of these device 
can be arranged to make measurements at multiple angles of incidence. 

While these systems have had reasonable success, further accuracy in 
analysing the characteristics of individual layers in a multi-layer stack is 
always desirable. The subject system, which includes a wavelength stable 
calibration elUpsometer can be modified to improve the characterization of 
individual layers of multi-layer thin film stack. 



15 



SUMMARY OF T"^ TNVHNTION 

The present invention is a thin film optical measurement system with a 
wavelength stable eUipsometsr that can be used for calibration and to 
enhance the characterization of multi-layer thin film stacks. When used for, 
calibration purposes, the stable wavelength ellipsometer functions to 
precisely determine the thickness of a film on a reference sample. The 
measured results from the calibration ellipsometer are used to calibrate other 
optical measurement devices in the thin film optical measurement system. 
20 By not having to supply a reference sample with a predetermined known film 

thickness. a reference sample having a film with a known composition can 
be repeatedly used to calibrate ultra-6eositive optical measurement devices, 
even if oxidation or contamination of the reference sample changes the 
thickness of the film over time. 
25 The calibration reference elUpsometer uses a reference sample that has 

at least a partially known composition to calibrate at least one other 
non-contact optical tneasuiement device. The reference ellipsometer includes 
a light generator that generates a quasi-monochromatic beam of light having 
a known wavelength and a known polarization for interacting with the 
30 reference sample. The beam is directed at a non-normal angle of incidence 
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relative to the reference sample to interact with the reference sample. An 
analyzer creates interference between S and P polarized components in the 
light beam after the light beam has interacted with reference sample. A 
detector measures the intensity of the light after the beam has passed through 
5 me analyzer. A processor determines the polarization state of the light beam 

entering the analyzer from the intensity measured by the detector. The 
processor then determines optical properties of the reference sample based 
upon the determined polarization state, the known wavelength of light from 
the light generator and the at least partially known composition of the 
10 reference sample. The processor operates at least one other non-contact 

optical measurement device that measures an optical parameter of the 
reference sample. The processor calibrates the other optical measurement 
device by comparing the measured optical parameter from die other optical 
measurement device to me' determined optical property from the reference 

15 ellipsometer. 

The reference ellipsometer has the further benefit in that it can be used 
to very accurately measure the overall optical thickness of an unknown 
multi-layer stack on a substrate. In this context, the term total optical 
thickness refers to the effective thickness of the stack which corresponds to a ^ 

2Q single uniform layer with uniform optical parameters (i.e. n and k). A stable 

wavelength ellipsometer is an excellent tool for determining the total optical 
thickness of a layer or a stack having a thicknesses less man 500 angstroms 
and is the best tool for stacks having a thickness of 200 angstroms or less. 
The reference ellipsometer. which provides only a single wavelength, 

25 single angle of incidence output, is not suitable for analyzing the individual 

layers in a stack. Such analysis requires additional measurements typically 
from spectroscopic tools such as spectrophotometers and spectroscopic 
ellipsomcters. However, the latter tools alone have difficulty producing 
sufficient information to accurately characterize the stack. 

30 In accordance with the subject invention, the output from the wavelength 

stable ellipsometer is used by the processor to determine the overall optical 
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thickness of Che multi-layer sack. This information Is used by the processor 
to reduce the uncertainly of the analysis based on the spectroscopic 
measurements. By taking a number of measurements at different 
wavelengths with one or more different techniques, very accurate 
5 information about layer composition and thickness can be determined. 

Other aspects and features of the present invention will become apparent 
by a review of the specification, claims and appended figures. 

WRTEF DESCRIPT ION OF TOE DRAWINGS 

Fig. lU a. plan view of a composite optical measurement system with 
xo the calibration ellipsozneter of the present invention. 

Kg. 2 is a side cross-sectional view Of the reflective lens used with the 
present invention. 

Big. 3 is a plan view of an alternate embodiment of the light source for 
the calibration ellipsometer of the present invention. 
1S Big. 4 is a plan view of the composite optical measurement system with 

multiple compensators in the calibration ellipsometer of the present 

V 

invention. 

Fig. 5 is an illustration of a multi-layer stack on a sample. 
Big. 6 is a flow chart illustrating the steps which can be carried out to 
20 characterize individual layers of a multi-layer stack using measurements from 

both a stable wavelength ellipsometer and a multi-wavelength measurement. 



piTf /yn FT> nESCRTPTIOW OF THE PREF WFn EMBODIMENTS 
The present invention is a composite thin film optical measurement 
system 1 having a wavelength stable reference ellipsometer 2 that is used, ii 
conjunction with a reference sample 4 having a substrate 6 and thin film 8 
-with known compositions, to calibrate non-contact optical measurement 
devices contained in the composite thin film pneal measurement system 1. 



I ft n Ivh 



fiTfiZ T/.C fin!? YV4 IZCTT tffU. BR/CZ/ro 



02/J.B/99 FRI 14: 16 FAX 7039167439 



QFTIFAT LASER 



WO 99/02970 



10 



15 



20 



25 



30 



PCT/US98/1 1562 



B 



plate 34, polarizer 36, leA 38 and a quad detector 40. In operation, linearly 
polarized probe beam 24 is focused omo sample 4 by lens 32- light 
reflected from the sample surface passes up through lens 32, through mirrors 
42, 30 and 44, and directed into BPE 10 by mirror 46. The position of we 
rays within me reflected probe beam correspond to specific angles of 
incidence wich respect to the sample's surface. Quarter-wave plate 34 
retards the phase of one of the polarization states of the beam by 90 degrees. 
Linear polarizer 36 causes the two polarization states of the beam to interfere 
with each other. For maximum signal, the axis of the polarizer 36 should be 
oriented ac an angle of 4S degrees with respect to the fast and slow axis of 
the quarter-wave plate 34 , Detector 40 is a quad-cell detector with four 
radially disposed quadrants that each intercept one quarter of the probe beam 
and generate a separate output signal proportional to the power of the portion 
of the probe beam striking that quadrant- The output signals from each 
quadrant are sent to a processor 48. As discussed in the U.S. 5.181,080 
patent, by monitoring the change in me polarization state of the beam, 
ellipsometric information! such as & and A. can be determined. To 
determine this information, the processor 48 takes the difference between the 
sums of the output signals of diametrically opposed quadrants, a value which 
varies linearly with film thickness for very thin films. 

Beam profile leflectornetry (BPR) is discussed in U.S. Patent 4,999,014, 
issued on March 12, 1991, winch is commonly owned by the present 
assignee and is incorporated herein by reference. BPR 12 includes a lens 
50. beam splitter 52 and two linear detector arrays 54 and 56 to measure the 
reflectance of the sample,. In operation, linearly polarized probe beam 24 is 
focused onto sample 4 by lens 32. with various rays within the beam striking 
the sample surface at a range of angles of incidence. Light reflected from 
the sample surface passed up through lens 32, through mirrors 42 and 30, 
and directed into BPR 12 by mirror 44. The position of the rays within the 
reflected probe beam correspond to specific angles of incidence with respect 



to the sample's surface. 



Lens SO spatially spreads the beam 
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i spUtter 52 separates the S-and P components of 

ine beam, and detector Jays 54 and 56 are orient orthogonal to each 
other to isolate informal about S and P polarized light. The higher angles 
of incidence rays will fall closer to the opposed ends of the arrays. The 
output from each element in the diode arrays will correspond to different 
angles of incidence. Detector arrays S4/56 measure the intensity across the 
reflected probe beam as J function of the angle of incidence with respect to 
the sample surface. The processor 48 receives the output of the detector 
arrays S4/S6. and derives] the thickness and refractive index of the thin film 
layer 8 based on these angular dependent intensity measurements by utilizing 
various cypes of modeling algorithms. Optimization routines which use 
iterative processes such I least square fitting routines are typically 
employed. One example] of this type of optimization routine is described in 
-Multiparameter Measurements erf Thin Films Using Beam-Profile 
Reflectivity " Fanton, et at.. Journal of Applied Physics. Vol. 73. No. 11. 
p.7035. 1993. Another example appears in "Simultaneous Measurement of 
Six Layers in a Silicon on Insulator Film Stack Using Spectrophotometry and 
Beam Profile Reflectonystry." Leng. et. al.. Journal of Applied Physics. 
Vol. 81. No. 8, page 3570. 1997. 

Broadband reflective spectrometer (BRS) 14 simultaneously probes the 
sample 4 with multiple wavelengths of light. BRS 14 uses lens 32 and 
includes a broadband spirometer 58 which can be of any type commonly 
known and used in the prior art. The spectrometer 58 shown in Fig. 1 
includes a lens 60. aperture 62, dispersive element 64 and detector array 66. 
During operation, probe beam 26 from white light source 22 is focused onto 
sample 4 by lens 32. light reflected from the surface of me sample passes 
up through lens 32, and is directed by mirror 42 (through mirror 84) to 
spectrometer 58. The Jens 60 focuses the probe beam through aperture 62. 



which defines a spot in 
Dispersive element 64. 



plate, angularly disperses the beam as a function f wavelength to individual 



the field of view on the sample surface to analyze, 
such as a diffraction grating, prism or holographic 
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detector elements contained in the detector army 66. The different detector 
elects measure the optical intensities of the different wavelengths of light 
contained m the probe beam, preferably simultaneously. Alternately, 
detector 66 can be a CCI>| camera, or a phmonmlnplier with suitably 
dispersive or otherwise wavelength selective optics. It should be noted that a 
monochromeier could be Jised to measure the different wavelengths serially 
(one wavelength at a time) using a single detector element. Further, 
dispersive element 64 c J also be configured to disperse the light as a 
function of wavelength in one direction, and as a function of the angle of 
incidence with respect to; the sample surface in an orthogonal direction, so 
that simultaneous measurements as a function of both wavelength and angle 



of incidence are possible, 
measured by the detector 



Processor 48 processes the intensity information 
array 66. 



Deep ulna violet reflective spectrometry (DUV) simultaneously probes 



die sample with multiple 



i wavelengths of ultra-violet light. DTJV 16 uses the 
same spectrometer 58 to analyze probe beam 26 as BRS 14. except that 
DTJV 16 uses the reflective lens 33 (Figure 2) instead of focusing lens 32. 
To/ operate DUV 16. the| turret containing lenses 32/33 is rotated so that 
reflective lens 33 is aligned in probe beam 26. The reflective lens 33 is 
necessary because solid objective lenses cannot sufficiently focus me UV 

light onto the sample, j 

Broadband spectroscopic ellipsometry (BSE) is discussed in pending 



U.S. patent application 



1 08/685.606, filed on July 24, 1996, which is 
commonly owned by me present assignee and is incorporated herein by 
reference. BSE (18) includes a polarizer 70. focusing mirror 72, collimaung 
mirror 74. rotating compensator 76. and analyzer 80. In operation, minor 
82 directs at least part cf probe beam 26 to polarizer 70, which creates a 
known polarization state for the probe beam, preferably a linear polarization. 
Mirror 72 focuses the beam onto the sample surface at an oblique angle, 
ideally oh the order of 70 degrees to the normal of the sample surface. 
Based upon well known ellipsometric principles, the reflected beam will 
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generally have a mixed linear and circular polarization state after interacting 
with die sample, based updm the composition and thickness of ihe sample's 
film 8 and substrate 6. The reflected beam is collimated by mirror 74, 
which directs the beam to: the rotating compensator 76. Compensator 76 
introduces a relative phase delay 6 (phase retardation) between a pair of 
mutually orthogonal polarized optical beam components. Compensator 76 is 
rotated at an angular velocity w about an axis substantially parallel to the 
propagation direction of tifte beam, preferably by an electric motor 78, 
Analyzer 80, preferably another linear polarizer, mixes the polarization 
states incident on it. By rpcasuring the light transmitted by analyzer 80, the 
polarization stare of the reflected probe beam can be determined. Mirror 84 
directs the beam to spectrometer 58, which simultaneously measures the 
intensities of the different wavelengths of light in the reflected probe beam 
that pass through the compensator/analyzer combination. Processor 48 

detector 66, and processes the intensity 
: the detector 66 as a function of wavelength and as 
(rotational) angle of the compensator 76 about its 
! the ellipsomctric values ^ and A as described in 



receives the output of the 
information measured by 
a function of the azimuth 
axis of rotation, to solve 
U.S. patent application 0^/685,606. 



Detector/camera 86 
view reflected beams off 
In order to calibrate 



s positioned above minor 46. and can be used to 
of the sample 4 for alignment and focus purposes. 
BPE 10, BPR 12, BRS 14. DUV 16, and BSE 18. 
the composite optical measurement system 1 includes the wavelength stable 
calibration reference clinometer 2 used in conjunction with a reference 
sample 4. EHipsometer 2 includes a light source 90, polarizer 92, lenses 94 
and 96, rotating compensator 98. analyzer 102 and detector 104. 

Light source 90 produces a quasi-monochromatic probe beam 106 



having a known stable * 



ilavelength and stable intensity* This can be done 
passively, where light source 90 generates a very stable output wavelength 
which does not vary over time (i.e. varies less than 196), Examples of 
passively stable light sources arc a helium-neon laser, or other gas discharge 
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laser systems. Alternaicly.! a non-passive system can be used as illustrated in 
Fig. 3 where the light source 90 includes a light generator 91 that produces 
light having a wavelength that is not precisely known or stable over time, 
and a monochrometer 93 that precisely measures the wavelength of light 
S produced by light generator 91. Examples of such light generators include 

solid state lasers, laser diodes, or polychromatic light sources used in 
conjunction with a color filter such as a grating. In cither case, the 
wavelength of beam 106. ijvhich is a known constant or measured by 
monochrometer 93. is provided to processor 48 so that ellipsometer 2 can 
10 accurately calibrate the optical measurement devices in system 1. 

The beam 106 interacts with polarizer 92 to create a known polarization 
state. In the preferred embodiment, polarizer 92 is a linear polarizer made 
from a quartz Rochon prism, but in general the polarization docs not 
necessarily have to be lineir, nor even complete. Polarizer 92 can also be 
15 made fitim calcfte. Tbe azimuth angle of polarizer 92 is oriented so that the 

plane of the electric vector associated with the linearly polarized beam 
exiting from the polarizer 92 is at a known angle with respect to the plane of 
incidence (defined by the propagation direction of the beam 106 and the 
normal to the surface of sample 4). The azimuth angle is preferably selected 
20 to be on the order of 30 degrees because the sensitivity is emtimized when 

the reflected intensities of: the P and S polarized components are 
approximately balanced. It should be noted that polarizer 92 can be omitted 
if the light source 90 emits light with the desired known polarization state. 
The beam 106 is focused onto the sample 4 by lens 94 at an oblique 
25 angle. For calibration purposes, reference sample 4 ideally consists of a thin 

oxide layer 8 having a thickness d, formed on a silicon substrate 6. 
However, in general, the; sample 4 can be any appropriate substrate of 
known composition, including a bare silicon wafer, and silicon water 
substrates having one or more thin films thereon. The thickness d of the 
3 o layer 8 need not be known, or be consistent between periodic calibrations. 

The useful light from probe beam 106 is the light reflected by the sample 4 
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degrees relative 10 tnc plane of incidence. However, any optical device that 
serves to appropriately mix the incoming polarization states can be used as 
an analyzer. The analyzer, 102 is preferably a quartz Rochon or Wollaaton 
prism. The rotating compensator 98 changes the polarization state of the 
S beam as it rotates such thai the light transmitted by analyzer 102 is 

characterized by: 

i 

lit) *= (l/2)[ | E^l +cos a (672) + | E, | 2 sin'Cfi/2)] (1) 

- Im(BJ^+)sin£$in(2ci:t) 
U- Re(E JI E y +)sm 2 («/2)sih(4«t) 
10 (V2)( | E, I 2 - | Ey | 2 )sin 2 (672)cos(4<ut) 

a„ + bjSinC&irt) + a<cos(4<d0 + b 4 sin(4o)t). (2) 

where E< and Ey axe the projections of the incident electric field vector 
parallel and perpendicular* respectively, to the transmission axis of the 
analyzer. 6 is the phase retardation of the compensator, and « is die angular 
15 rotational frequency of the compensator. 

For linearly polarized light reflected at non-normal incidence from the 
specular sample, we have; 



E, = r p cosP 
Ej = r,sinP 



(3a) 
(3b) 



20 where P is the azimuth angle of the incident light with respect to the plane of 

incidence. The coefficients a., t^. a*, and b 4 can be combined in various 
ways to determine the complex reflectance ratio: 

Tp/r. = tan^e* < 4 > 
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It should be noted chat the compensator 98 can be located either between 
the sample 4 and the analyzer 102 (as shown in Fig. 1). or between the 
sample 4 and the polarizer 92. with appropriate and well known minor 
changes to the equations. It should also be noted that polarizer 70. lenses 
S 94/96, compensator 98 and polarizer 102 are all optimized in their 

construction for the specific wavelength of light produced by light source 90, 
Which rnavimiypg the accuracy of ellipsometer 2. 

Beam 106 then enters detector 104. which measures the intensity of the 
beam passing through the compensator/analyzer combination. The processor 
io 48 processes the intensity information measured by the detector 104 to 

determine the polarization state of the light after interacting with the 
analyzer, and therefore the; ellipsomctric parameters of the sample. This 
information processing inclndes measuring beam intensity as a function of 
the azimuth (rotational) angle of the compensator about its axis of rotation. 
1S This measurement of intensity as a function of compensator rotational angle 

is effectively a measurement of the intensity of beam 106 as a function of 
time, since the compensator angular velocity is usually known and a 
constant. 

By knowing the composition of reference sampie 4. and by knowing the 
2 0 exact wavelength of light generated by light source 90, the optical properties 

of reference sample 4, such as film thickness d, refractive index and 
extinction coefficients, etc., can be determined by ellipsometer 2. If the film 
is very thin, such as less than or equal to about 20 angstroms, the thickness 
d can be found to first older in dfk by solving 

25 /» - o. = 4«dcos0 ftff , - rtfc* - Q . C 5 ) 

p Q X e.(e. - OU.cot?0 - O 

where 

Po m tan*^ < 6 > 
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sin^fl + vas0(eje* - sin 4 *)" 1 

which is the value of p - tan*e" for d-0. Here. X = wavelength of light; 
and and axe Ore dielectric functions of the substrate, chin oxide film, 
and ambient, respectively, and 0 is me angle of incidence. 

If tbe film thickness d is not small, then it can be obtained by solving 
the equations 

(8) 

P—xJtt, where 



10 



1 + Z^M* 

1 + Zr ijM r,. M 



r.= r,,, + fr., C10) 



and Where 

-L = £*\ (11) 

- „ n (13) 

(14) 

I^.o* — Ikx " PnX 

flux + Oox 

( 1S ) 

20 r p<w = aSpx-^&ax 



and in general 
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- <fc - MtaW*. (17) 
where j is s or a. These equations generally have to be solved numerically 
for d and Do simultaneously, using X. and 6. which arc known. 

Once the thickness d of film 8 has been determined by eUipsometer 2, 
5 then the same sample 4 is probed by the other optical measurement devices 

BPE 10, BPR 12. BUS 14, DUV 16. and BSE 18 Which measure various 
optical parameters of the sample 4. Processor 48 then calibrates the 
processing variables used to analyze the results from these optical 
rneasurement device* so that they produce accurate results. For each of 
10 these measurement devices, there are system variables that affect the 

measured data and need to be accounted for before an accurate measurement 
of other samples can be made. In the case of BPE 10. the most significant 
variable system parameter is the phase shift that occurs due to the optical 
elements along the BPE optical path. Environmental changes to these optical 
is elements result in an overall drift, in the cllipsometric parameter A. which 

then translates into a sample thickness drift calculated by the processor 48 
from BPE 10. Using the measured optical parameters of BPE 10 on 
reference sample 4. and using Equation 5 and the thickness of film 8 as 
determined from calibration eUipsometer 2. the processor 48 calibrates BPE 
20 10 by deriving a phase offset which is applied to measured results from BPE 

10 for other samples . thereby establishing an accurate BPE measurement. 
For BSE 18. multiple phase offsets are derived for multiple wavelengths in 
the measured spectrum. 

For the renjaming measurement devices, BPR 12. BRS 14 and DUV 16. 
25 the measured reflectances can also be affected by environmental changes to 

the optical elements in the beam paths. Therefore, the reflectances 
measured by BPR 12, BRS 14 and DUV 16 for the reference sample 4 are 
used, in combination with the measurements by eUipsometer 2. to calibrate 
these systems. Equations 9-17 are used to calculate the absolute reflectances 
30 RV of reference sample 4 from the measured results of eUipsometer 2. All 

measurements by the BPR/BRS/DUV devices of reflectance (R.) for any 
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other sample are then scaled by processor 48 usin& the normalizing factor in 
equation 18 below to result in accurate reflectances R derived from the BPR, 
BRS and DUV devices: 



10 



R = R« (RWRrf) 



(18) 



In the above described calibration techniques, all system variables 
affecting phase and intensity are determined and compensated for using the 
phase offset and reflectance normalizing factor discussed above, thus 
rendering the optical measurements made by these calibrated optical 
measurement devices absolute. 

The above described calibration techniques are based largely upon 
calibration using the derived thickness d of the thin film. However, 
calibration using elUpsometer 2 can be based upon any of the optical 
properties of me reference sample that are measurable or determinable by 
eUipsometer 2 and/or are otherwise known, whether the sample has a single 
15 film thereon, has multiple films thereon, or even has no film thereon (bare 

sample). 

The advantage of the present invention is that a reference sample having 
no thin film thereon, or having thin film thereon with an unknown thickness 
which may even vary slowly over time, can be repeatedly used to accurately 

20 calibrate ultra-sensitive optical measurement devices. 

The output of light source 90 can also be used to calibrate the 
wavelength measurements made by spectrometer 58. The sample 4 can be 
tipped, or replaced by a ripped mirror, to direct beam 106 up to mirror 42 
and to dispersion element 64. By knowing the exact wavelength of light 

2S produced by light source 90. processor 48 can calibrate the output of 

detector 66 by detennuiing which pixcl(s) corresponds to that wavelength of 
light. 

It should be noted that the calibrating eUipsometer 2 of the present 
invention is not limited to the specific rotating compensator eUipsometer 
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configure discussed above, n. scope of ft. pre.* invention eludes 
any eUtpsomcBr configuration in conj«n=don with ft. light — » 
rh.ving.toow. waveleogflO tat measure, the polarization state of to 
ton, after in««ion«i*«— Pte". P«vKl« * e ne ~ SSMy 
ir^nr-non .bout an*.. 4 *r -libra** — — «* optical roeasuremem 

deV X temple. a^eUinsomernc configuration I. to rota* polamer 92 
or analyzer 100 with motor 100. instep of rooning the competitor 98. 
The above donations to giving for thickness d -ill apply- 

la addition, null — to s,nne elements as 

elnpsometer 2 of Pig. I. «u be used . d«*nnne *<= «. ftkta- ■* ** 
JLion purpc^. The eHinsomeiric information is derived by abgmng 

a.taumal angles of these elements until a null or mininrorn level 
intensity is measured oy tne detector 10*. In the preferred null clUpsotnetry 
embodiment, polarize!. 92 and 102 are linear polarizers, and compensator 98 
ls , c^er-wavc pl«e. Compensator 9S is aligned so that its fast „, » at 
„ azimmhal angle of 4S degrees relative to tne plane of incidence of the 
„mn te 4. Pol^92I«au™ B rai^^^^»» 1 ^ 4nste 
P relative to the plane of incidence. and poWxer 102 has a ,ransro»..o» 
mis that forms an azimmbal angle A relative to the plane of incidence. 
Pohrbers 92 .nd 102 arc rowed about beam 106 such that the light* 
completely e^hrguished (mirdmized) by me ^yzer 102. In general 
„ two polarto 92/102 orienrauons (P.. AO and (P, AJ mat samfythts 
M r4ittonarJ«tingai*mcUght. « the compensator inducing a 90 

d ^^«--^^-«--* 1 ■ , « , • , * 4Sd,,, " ,--, " 

to the plane of incidence, we have: 

„ (19) 

A 2 = -A, 

i : „ (2D 
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(where A, i$ the condition for which A is positive). 
A *= 2Pi 4- ir/2 t 22 * 



which, when combined with equations 5-10, allows the processor to solve 
for thickness d, 

5 Null ellipsometry is very accurate because the results depend entirely on 

the measurement of mechanical angles, and are independent of intensity. 
Null ellipsometry is further discussed by R-M.A. Azzaro and N.M- Bashara, 
ia Ellipsometry and Polarized Light (North-Holland, Amsterdam, 1977); and 
by D-E. Aspncs, in Optical Properties cf Solids: New Developments, ed, 
L0 B.O. Seraphin (North-Holland, Amsterdam, 1976), p. 799. 

Ic is also conceivable to omit compensator 98 ftom ellipsomcter 2. and 
use motor 100 to rotate polarizer 92 or analyzer 102. Either the polarizer 92 
or the analyzer 102 is rotated so that die detector signal can be used to 
accurately measure the linear polarization component of the reflected beam. 
15 Then, the circularly polarized component is inferred by assuming that the 

beam is totally polarized, and what is not linearly polarised must be 
circularly polarized. Snch an ellipsometer, commonly called a rotating- 
polarizer or rotating-analyzer ellipsomder, is termed "an incomplete" 
polarimeter, because it is insensitive to the handedness of the circularly 
20 polarized component and exhibits poor performance when the light being 

analyzed is either nearly completely linearly polarized or possesses a 
depolarized component. However, using UV light from source 90, the 
substrate of materials such as silicon contribute enougji to the overall phase 
shift of the light interacting with the sample that accurate results can be 
25 obtained without the use of a compensator. In such a case, the same 

formulas above can be used to derive thickness d, where die phase shift 
induced by the compensator is set to be zero. 

It is to be understood that the present invention is not limited to the 
embodiments described above and illustrated herein, but encompasses any 
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and .U variations fallins within rhe scope of the appended eW-u For 
c„mp,e. beams M . 26. and,or «* can be cd T+T^T' 

where 1. beam properties (including the beam poison state) ^ 

, cwh-r a second compensator can be 

tnoanittd bom arc rneasured Funnel, a seco ~i 

- i—^ted between the sample ana mc 

added, where Ibc first compensator is located between r 

arf the second compensate .ocate* between the 
tJZm. 90. as iUusrratedrnFig. 4. These compensators eouidbe »c 

the portion sta*s. cor.pens.tor 98 can be replaced by a ««« 
op trLecrronic eKaneot or photo^* efcrnent. auch as 

phsse retardation by applying a varying or stauc voltage to the cell. 

Ate^ar^tn.r^beencaUbr^.U^beusedtornato.variet, 

of measurements. One we of measurernent of significant interest - the 

subsume. Fir^ Sis an Uhis^on of such, sample 200. 

„ a senator sr^ 202 which is typify siUcon but couid 

-j 4 nlurality of thin film layers are 

begainaiiiiim.galBTOaiwiide.ett. A plurality .« ™ 

deposited on top of the substrate. The thicloiess of these layers m the 
, 0 illustration has been exaggerated for clarity. 

As seen in the e»mplc rrf Fi^ =. thin «urn Lycrs »• » ™ « 

JL include oal.es. P^sUicon. Stanhrrn and «-«*^ 

bL of these rnatetiaU-h™ cuflerent 

.nd variation of me tnln film layers increases, it becomes ~* 
aWta* to dererrnine cJ^racterisucs of individual layers even .f rnuUrple 

measurements are taken. 

m accordance wtth the aubjec. invent the reference euipsome** of 

^crstadts. AUbough the output from the reference ellipsometcr ts b»*- 
1 u not paruculariy helpfui m anaiyzing individual ,ay rs in a star*, n can 
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be used to provide a very accurate determination of the total optical 
thickness T of the stack. As discussed below, the processor 48 can use the 
measurement* obtained from the reference elttpsomcter in combination with 
the other measurements to improve the accuracy of the analysis of the 
individual layers. 

Figure 6 is a flow chart illustrating how the system can be configured to 
analyze multi-layer stacks. The steps shown in Figure 6 would generally 
occur after calibration in the manner discussed above. In addition, it should 
be noted that the data garnering steps are shown in sequential order in 
Figure 6 for Ulustration purposes only. In fact, the various measurements 
can be made in any order. The results arc stored in the processor a* each 
measurement is completed.. When all the desired measurements are 
completed, then the processor can analyze the data. 

In accordance with the subject invention, the ellipsomcter 2 is used to 
measure the test sample (step 230). In this case, the tesc sample 200 would 
be placed in the apparatus in place of the reference sample 4 shown in 
Figure 1. The outputfrom the measurement, in the form of first output 
signals, would be sent to the processor 48 in step 232. 

As noted above, the output of the ellipsometer 2 will be used to 
calculate the total optical thickness T of the layers. To the extent that the 
cUipsometer is used for mis purpose, it is preferable that the light source 90 
be a laser which generates a fixed and known wavelength. In the preferred 
embodiment, light source 90 is a helium neon laser having a fixed output of 
632.8 nanometers. The advantage of the helium neon laser is that it is low 
, s m cost, can be tightly focused and generates a known wavelength output 

regardless of room temperature or power levels. 

to accordance with the subject invention, additional measurements must 
be taken in order to analyze the cl^iacteristics of individual layers. In the 
preferred embodiment, the most desirable measurement will include a mum- 
wavelength measurement as shown in step 234. This multi-wavelength 
measurement may be based on either the change in phase or magnitude of a 
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reflected beam- As noted above, the white light source 22 can be used for 
either type of measurement-. Hie detector 58 can measure changes in 
magnitude of the reflected beam access a large wavelength range for either 
the broadband reflective spectrometer (BRS) 14 or the deep ultraviolet 
5 reflective spectrometer (DUV) 16- The detector 58 generates output signals 

corresponding to a plurality of wavelengths. Step 236 indicates the 
spectroscopic magnitude measurement. 

Changes in phase of the beam at multiple wavelengths can be obtained 
from the broadband spectroscopic ellipsomcter (BSE) 18. Step 238 
10 illustrates the BSE measurement. The second output signals corresponding 

to the different wavelengths of cither type of multi-wavelength measurement 
are sent to the processor 48 for storage (step 240). In the preferred 
embodiment, both magnitude and phase measurements are taken and sent to 
the processor. 

15 Additional measurements are desirable to help more accurately 

characterize the layers. In the preferred embodiment, these measurements 
include those taken by the beam profile cllipsometer system (BPE) in step 
24^/and beam profile rcflectometcr system (BPR) in step 244- The results 
from these measurements are sent to the processor in step 246. 

20 In accordance with the subject invention, the processor can use the 

combination of inputs from the measurement systems to characterize the 
sample. As noted above, the processor will typically include a modeling 
algorithm which utilizes an iterative process such as a least squares fitting 
routine to determine the characteristics of individual layers, (See, for 

25 example, the Fanton, et. aL and Leng et. al. articles, cited above). In these 

types of routines, an initial calculation of the parameters of the stack is made 
using Fresnel equations' and a predetermined "best guess* of layer 
characteristics. Tbe calculation produces a set of theoretical values which 
correspond to a set of measurement results that can be obtained using the 

3 0 various test systems in die device. The set of theoretical values are then 

compared to the set of measurements that Were actually obtained from the 
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jan evaluation is made/ as to the closenessor "fit" 
between the actual and theoretical values, A xfew "best guess 41 is then made 
as to the layer characteristics based oa how much and in what manner the 
theoretical values differed from the measured Values. The algorithm 

5 recalculates die parameters once again using the Fresnel equations and 

3 

another comparison is made between the revised theoretical values and the 

experimentally obtained measurements. This process is continued in an 

iterative fashion until the theoretical values match the actual measured values. 

to a predetermined level of accuracy. 

10 In accordance with the subject invention, *this mathematical modeling is 

•i 

expanded to include parameters representative of the total optical thickness 
of the stack (step 250). This analysis assumes that the multilayers stack is 
actually a single layer with common characteristics* The model will 
generate a set of additional theoretical vahiesfcorrcsponding to the 

15 measurements which should be generated by the narrow-band, off-axis 

ellipsometer measurement. During the iterative process, these theoretical 
values associated with the total optical thickness are compared with actual 
measured values obtained from the off-axis ellipsometer. The closeness of 
the "fit" between all of die theoretical values (including the values associated 

20 with the total optical thickness) and all of th& measured values is evaluated in 

the iterative process to generate a more accurate analysis of the 
characteristics of the individual layers in thej^stack. 

The improvements achieved by this approach arc derived from the fact 

i 

that the total optical thickness of a stack carf be very accurately determined 
25 from measurements using an off-axis cllipscjhieter with a known wavelength. 

i 

For stacks ranging up to 200 angstroms thick, this type of measurement can 
be accurate to within a single angstrom or 

The subject invention is not limited to ihc particular algorithm used to 
derive the characteristics of the individual layers. In addition to the more 
30 conventional least square fitting routines, alternative approaches can be used. 

For example, the high level of computing jpower now available permits 
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approaches to be utilized; which include genetic algorithms. One example of 
the use of genetic algorithms to determine thj ihicfrnrvp of thin film layers 
can be found in "Using Genetic Algorithms with Local Search for Thin Film 
Metrology/ Land, et. at. Proceeding of the Seventh International 
S Conference on Genetic Algorithms, July 19-ik. page 537, 1997. The only 

requirement of the subject invention is that tfa^ algorithm be designed such 
that the measurements fri>m the off-axis cllipSometer be used to evaluate die 
theoretical overall optical thickness of the mifltflayer stack and that this 
information be used to help minimize ambiguities in the analysis of the 
xo characteristics of the individual layers. i 

While the subject invention has been described with reference to a 
preferred embodiment, various changes and modifications could be made 
therein, by one skilled in the art. without varying from the scope and spirit 
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of the subject invention as defined by the appended claims. 
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What is claimed is: 
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axis ellipsometer which 
source and generating first 



1. A method of analyzing a sample bavin g a multiple layer thin film 
stack thereon comprising; the steps of: 

measuring the sample using an off 
includes a stable narrow band wavelength 
output signals; 

measuring the response of the samble to reflected light from a 
broad band wavelength source and generating a plurality of second 
output signals corresponding to different wavelengths; and 

determining the characteristics of the individual layers on the 
sample based on the! first and second output signals using an algorithm 
wherein the first output signals are used tp provide an accurate measure 
of the overall optica} thickness of the stack in order to improve the 
accuracy of the analysis of the individua] ; layers. 

i 

2. A method as recited in claim 1 wherein the narrow band wavelength 
source is defined by a gas discharge laser. 

3. A method as recited in claim 1 wherlin the narrow band wavelength 

j 

source is defined by a laser diode. 

4. A method as recited in claim 1 wherein the narrow band wavelength 
source Is defined by a solid state laser. 

5. A method as recited in claim 1 wheljein said narrow band wavelength 



source is linearly polarized prior to striking 

polarization change on reflection is monitor |d using a rotating compensator 
and analyzer. 



sample and whetein the 
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6. A method as recited in claim 1 whereiii 
broad band wavelength source includes the file p 
with multiple wavelengths of light simultaneously 



the step of measuring with a 
of illuminating the sample 



where n 



7. A method as recited in claim 1 
broad band wavelength source includes the 
with multiple wavelengths of light sequential!; • 



step 



wherein 



8. A method as recited in claim 1 
sample response to a broad band wavelength 
change in polarization state of the light 
of the sample. 



induced 



the step of measuring with a 
of illuminating the sample 



the step of measuring the 
ource includes analyzing the 
by reflection off the surface 



9. A method as recited in claim 1 when 
sample response to a broad band wavelength 
change in magnitude of the light induced by 
sample. 



in the step of measuring the 
source includes analyzing the 
leflection off the surface of the 



10. A method as recited in claim 1 
sample response to a broad band wavelength 
wavelength range of 200nm to 800nm, 



whe Stein 



the step of measuring the 
source includes light spanning a 



11. A method as recited in claim 1 further including the step of 
measuring the response of the sample to reflected light at one or more 
wavelengths and at a plurality of different aigles of incidence and generating 
third output signals and using the third ouip it signals to further characterize 
the individual layers on the sample. 
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12. A method of ducnmning the characteristics of individual layers in a 
chin film stack formed oh a sample comprising the steps of: 



generating a 



source: 



of the overall optics J thickness of tte 
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first probe beam deft led by quasi-monochromatic 



light of a known wavelength; 

directing the first probe beam to reflect off the surface of the 
sample at a non-normal angle of incidence; 

analyzing this change in polarization stare of the first probe beam 
induced by the intei action with the samp e and generating first output 
signals in response hereto; 

generating a second probe beam lrom a broad band wavelength 



directing sail second probe beam 



sample; 

monitoring f he second probe biapx after reflection from the 
sample and determxiing either a phase* or magnitude thereof at a 
plurality of wavelergths and generating a plurality of second output 
signals corresponding thereto; and 



to reflect off the surface of the 



determining: the characteristics; of the individual layers on the 

sample based on the first and second bi&put signals using an algorithm 

i 

wherein the first output signals are listed to provide an accurate measure 



accuracy of the analysis of the individual layers. 



13. A method as incited in claim 12 



directed to the surface cf the sample in ajmanner such that multiple 



wavelengths of light strke the surface 



14. A method as exited in claim K wherein said second probe beam is 



directed to the surface of the sample in s 



stfcck in order to improve the 



v|herein said second probe beam is 



taneously. 



nianner such that multiple 



wavelengths of light strke the surface olj tfyc sample sequentially. 
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IS. A method as rented in clairii 12 wherein said step of monitoring the 

: • J ! 

second probe beam includes analyzing the chf jagc in polarization state of the 
beam induced by reflection off the siirface of pie sample. 
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16. A method as rented in claim 12 wh tain said step of monitoring the 
second probe beam includes analyzing the ch ihgc in magnitude of the beam 
induced by reflection off} the surface of the'si triple 

i 

17. A method as recited in ciaiU 12 wl$irein the firsc probe beam is 
generated by a gas discharge laser. j 



j 



18- A method as recited in claim 12 wherein the first probe beam is 
generated by a laser diode. 

I 

19. A method as rejeited in claim 12 w&tarciu the first probe beam is 
generated by a solid stats laser, 

i 

J 20. A method as n cited in cfc&n 12 wherein the light in said first probe 
beam is linearly polarized prior to ^trilring t ie sample and wherein the 
polarization change on reflection isimonit 
and analyser. 



21. A method as recited in clAim 12 the broad band wavelength 



source includes light spainning a wlvclengtii orange of 200nm to 800nm, 

i j; 

22. A method as recited in elLim 12 fbrther including the step of 



measuring the response; 




i lying a rotating compensator 



; ; of the sample to reflected light at one or more 
wavelengths and at a plurality of Afferent ihgles of incidence and generating 
third output signals and 
the individual layers on the sample. 



using the ihird output signals to further characterize 
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film layers in a stack formed 



23- An apparatus fjor characterizing thin 
on a sample comprising: 

an off-axis cj lipsoxnecer* said ellipfcometer having a quasi- 
monochromatic source for generating a, first probe beam of a known 
wavelength, said eliipsameter for raeasur ing the change in polarization 
state of the first pro >e beam after reflection from the sample and 
generating first output signals correspond ing thereto; 

a broad band light source for generating a seronrt probe beam; 

a detector system for monitoring 
changes of the second probe beam after 

generating a plurality of second output s gnals corresponding to a 
plurality of different: wavelengths; and 

processor for; determining the <£u racteristics of die individual 
layers on the sample based on the first and second output signals, said 
processor using an algorithm wherein th i first output signals are used to 
i! measure of the over ill optical thickness of the stack 
; the accuracy of the 



provide an accurate; 
in order to improve; 



24. An apparatus 8$ recited in claim 2: 
beam is directed to the 
wavelengths of light strijee 



wherein said second probe 
sjurface of the samplfe in a manner such that multiple 
the surface simultaneously. 



25. An apparatus a$ 
directed to the surface 
wavelengths of light etr^ce 



26. An apparatus 
analyzes the change in 
by reflection off the 



as 



Either the phase or magnitude 
nteracting with the sample and 



analysis of the individual layers. 



recited in claim: 2$ 
the sample in a 
the surface ofltbk sample sequentially 



manner 



recited in claim 
polarization state of 
of the sample. 



surface 



wherein said second probe is 
such that multiple 



23 wherein the detector system 
the second probe beam induced 
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1 fecitcd in claim 23 
magnitude of the 
reflection off the surface of the sample. 



27. An apparatus as i 
analyzes che change in 



28. An apparatus asj 
analyzes both the change 
induced by reflection uu \ 
magnitude of the second j 
the sample and wherein 



recited in claim 2S ivherein the detector system 
( in polarization state of the second probe beam 



off fie surface of die 'sample and the change in 



probe beam induced 
tpe processor uses the 



both measurements to far her characterize &e sample 



29. An apparatus asj 
monochromatic source is 



recited in claim 23 
(defined by a gas 



30, An apparatus as 

i 

monochromatic source is 

I 
j 

.^31 . An apparatus as 

i 

monochromatic source i& 



32. An apparatus a£ ! 

i ■ 

monochromatic source is 



ai 



33. An apparatus 
probe beam is linearly 
polarization change on 
and analyzer. 



34. An apparatus a 

1 

wavelength source 
800nm. 



second 
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\y herein the detector system 
probe beam induced by 



wherein the quasi- 
di charge laser. 



i 



recited in claim i3 



wherein die quasi- 
defined by a heliuii-ncon laser. 



recited in claim 23 
defined by a solid 



wherein the quasi- 
state laser. 



recited in claim [23 



defined by a lasfer 

f 



iiode. 



recited in claim! 2' I 
pblarized prior to i 
reflection is monitored 



I 



includes light spanning t. 



by reflection off the surface of 
output signals generated by 



wherein the quasi- 



wherein the light in said first 
the sample and wherein the 
using a rotating compensator 



striking 



a^ recited in claini 2)3 wherein the broad band 

wavelength range of 200nm to 
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35. An apparatus as 
further includes the step 
light at one or more 
incidence and generating 
signals to further characterize 



i 
f 

recited in claim 23 
measuring 

and at a pjui ality 
jtiiird output signals 
the individual 



of 



wavelengths 



36» An apparatus as 
measured at a plurality of 
laser. 

37. The reference 
monochromatic source 
withm 1 percent. 



det&lor 



for 



or magnitude of the; 

a processor £ 
changes of the probejr 

a calibration;: 
ellipsometer having 
measuring: the 
so that the reference 
module and wherein 
reference sample by 
module to calibrate; 
measurements of 



reference 



Ten RJi 
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vfhercm the detector system 

of the sample to reflected 
of different angles of 
^pd using the third output 
on the sample. 



response 



Uyers 



r 

recited in claim 35 
different angles of 



r 



i 



light havixig 



1 therein said light which is 
iicidence is generated by a 



ellipsometer of claihi 23, wherein the quasi- 

i stable known wavelength to 



38. An optical afjjsaracus for evaluatil g characteristics of a 
semiconductor test 

a spectroscopic 
v source for creating a 
and including a 



e comprising* 
measurement nkb< [ble- including a broadband light 



probe beam dirc^tc d to reflect off the test sample 
for monitoring changes in either the polarization 



reflected probe bSaj a at multiple wavelengths; 

evaluating the Le* t sample based on the measured 
beam; and i r : 
{fnodule including a reference sample and an off-axis 
wavelength staole t narrowband light source for 

sample and Xh stein said apparatus is arranged 
sample is also measured by the spectroscopic 
the processor uthi ges the measurements of the 
both the off-axis; e lipsometer and the spectroscopic 
the spcctroscopid ; nLodule for subsequent 



test samples. 
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39. An apparatus 
module is a 
reflected probe beam are 
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3)5 recited in claim 
wherein the 



measured at a plwally of wavelengths 



is recited in claim^ 



40. An apparatus 
module is a spectroscopic; jc^someter wbe^fci l 
state of the probe beam 



wherein said spectroscopic 
changes in the polarization 
aije analyzed at a pflnflity of wavelengths. 



41, An apparatus 
source is defined by a gas 



9s recited in «-i««f 3p wherein the narrowband light 
discharge laser. 



42* An apparatus | 
laser is a hclium-ncon lasfcr- 



Lis recited in clahA 1 1 wherein said gas discbarge 



43. An apparatus! 
light source is defined by 



y 44. An apparatus) as 
wavelength source produj:es 
one percent. 



substrate] having 



45. An apparatus 
is defined by a 
composition of the oxide 
of the oxide layer is 



46. A method 
characteristics of a 
apparatus includes a 

directed to reflect off thjs test sample and 
changes in either the 
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( Sb; nges in magnitude of the 



&* recited in daixp 
a: laser diode. 



recited in claim 
light have a settle 



unknown 



of] operating 



scmitxraducror 



broadband 



8 wherein said narrowband 



wherein the narrowband 
known wavelength to within 



as recited in clai n 38 wherein the reference sample 

an oxide aj er thereon wherein the 
is known prior t i : aeasurement while the thicJcness 
prior to mr as ixement. 



r 



pel larization or mag jii ide of the reflected probe beam 



a spec jet scopic apparatus to analyze the 
test sal if e, wherein the spectroscopic 

i 

light sotn ce for creating a probe beam 

in bluding a detector to monitor 
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elengtbs 



incorporating 



at a plurality of wav< 
calibration module 
wavelength narrowband 
including a reference 

measuring th£ 
of the off-axis e 



;4 



appan ins 



tine 



measuring 
of the spectroscopic 

analyzing thfij. 
measurements 
spectroscopic 

comparing 
sample derived fironk 
ellipsometer and th^ 

calibrating 
of the analyses of 
measuring 
spectroscopic 



p said spectrosc ipjp 
an 

jjight source, said 
said method 
reference sample 
r; 

reference sample 
apparatus; 
characteristics of 



llipspmete 



the 



in \ reference sample using the 
obtained from both the ftflkxis elHpsoraeter and 



apparatus 



recited in claim - 
changes in 

probe beam at a plurality of wavelengths. 



47, A method 
apparatus operates to 



48. A method a£ 
apparatus operates to 
beam at a plurality of 



49. A method 
defined by a substrate 
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apparatus further including a 
ipsometer having a stable 
ration module further 
fcc (uprising the steps of: 

the narrowband light source 



tfie 
the 



aid 



analyses of the 
measurements oi 
spectroscopic 
spectroscopic 
characteristics 
analyzing a test 



( hi Jcactcrisrics of the reference 
ft laj lied from the off-axis 



app or itus; 
ajp;rai 



lois based on the comparison 

cfr tlie reference sample; and 

|& triple with the calibrated 

I 
I 



a; 



measure 



herein the spectroscopic 
rnagnirude of the reflected 



recited in claim 
changes in 



treasure 



wavelengths. 



is 



recited in claim 
1 Having an oxide 
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With 



jW [th the broadband light source 



I* 



16 [wherein the spectroscopic 

iti b polarization state of the probe 



4i I wherein the reference sample is 
la re \ thereon. 
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SO. A method as recitsf in claim 49 wbd »i) i during said step of 
analyzing the reference sample* me thickness of i k oxide layer of the 
reference sample dcteimined bised on the rfleasbjieiits made with the 
spectroscopic apparatus is comj>jtfcd widi the thit W&ss of the oxide layer 
determined based on the measxit^nents made wiift fae off-axis elUpsorneter 
in order to calibrate the spectre scopic apparatus. 
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